In the preparation of polymer-based functional materials, it is often difficult to express the desired function using a single substance. Thus, multiple materials are often combined to achieve a desired function using methods such as the addition of a filler or lamination. However, when materials are mixed using a filler, the transparency of the polymer decreases. Therefore, a prediction indicator for transparency is needed. In this study, we focused on using the Hansen solubility parameter (HSP) as a predictor of transparency. The value of δ d , which is the dispersion force term of the solubility parameter, is considered to be related to the refractive index of the solvent. Silica particles were selected as model particles, and the HSP value was determined. We examined the possibility of evaluating the transparency in a solvent containing silica particles based on the HSP value, and our results indicated that a smaller difference in δ d between the particles and solvent corresponded with a higher transparency. The HSP value could be used as an index for evaluation of the dispersibility and solubility of the polymer. By using HSP theory in the material design of composite materials, it is thus considered possible to use the same index to simultaneously evaluate the dispersibility evaluation and predict the transparency of the filler.
Introduction
Recently, plastic films have attracted attention as a potential substitute for glass as a display material. Plastic films have mechanical advantages such as thinness and breakage resistance compared with glass. The properties generally desired for plastic films include high heat resistance, transparency, and chemical resistance [1] . However, it is difficult to achieve these desired functions using a single resin. To develop multiple functionalities, materials must be combined [1] [2] [3] [4] [5] . Common processing methods include the addition of inorganic materials [1, 2] , fiber reinforcement [3, 6] and lamination [4, 7] . Examples of typical fillers used include silica and TiO 2 . The addition of a filler to the resin often improves the heat resistance and mechanical strength [1, 2, 8] ; however, the transparency may be impaired. It is thus necessary to predict whether transparency will be lost when the filler is added to the resin, and there is an urgent need for indicators that can accurately predict transparency when multiple materials are mixed. A method for predicting the transparency of a single resin from the molecular structure has previously been reported [9] . However, no prediction method for the transparency after the addition of a filler to solvents and resins has been reported. The resulting transparency upon addition of the filler is unknown until it is tested. Therefore, in this study, we focused on using the Hansen solubility parameter (HSP) as a predictor of transparency [5, 10] . The Hildebrand solubility parameter (δ t ) [11] is commonly used to evaluate the cohesion energies of substances. The solubility parameter, a physical property representing the cohesion energy density of a substance, is useful for evaluating the compatibility, wettability, and cohesiveness or dispersibility of substances. Hansen further refined the Hildebrand solubility parameter as consisting of three components based on the type of molecular interaction involved: namely, dispersion forces (δ d ), intermolecular dipole interactions (δ p ), and hydrogen-bonding interactions (δ h ) [10, 12] .
The HSP is currently used to evaluate the affinity between substances such as the dispersibility of fine particles [5, 13] and solubility of various substances [10] . In addition, the HSP has recently been used for a wide range of applications such as to evaluate the adsorption amount [14] or membrane separation [15] .
One example of application of the HSP theory to the composite material field is the selection of gelation agent [16] . Each term of the HSP has been reported to correlate with a physical property of the solvent [12] . Hildebrand's solubility parameter δ t has been reported to correlate with the surface tension [11, 12] . δ d and δ p have been reported to be related to the refractive index and dielectric constant, respectively [12] . In addition, Novaki et al. recently reported that a correlation between the value of a Lewis acid base that can be measured by solvatochromism and δ h [17] . In addition to using the HSP as an index to evaluate and predict the transparency of composite materials, it will also be possible to select the optimum dispersion medium and surface treatment agent for the filler [5] . HSP theory is considered a more capable tool than group contribution methods for material design [9] . In this study, we focused on δ d , which is related to the refractive index, and examined the transparency of solid-liquid and solid-solid systems. Spherical silica, which is generally used as a filler, was used as a model substance. The HSP value of the silica was determined, and the silica particles were dispersed in a solvent of known HSP. The transparency was determined by examining the light transmission in various dispersion media. For the solid-solid system, the spherical silica was dispersed in a polymer to make a polymer sheet, and the light transmittance of the sheet was measured. The relationship between the light transmittance and the difference between the δ d term of silica and the dispersion medium was determined.
Theory

Theory of Hansen solubility parameter
The solubility parameter δ t [(MPa) 1/2 ] used in the solubility evaluation was defined as [10, 12, 14] :
where,
] and δ h [(MPa) 1/2 ] represent the dispersion force factor, dipole interaction force factor, and hydrogenbonding force factor of the HSP, respectively. Quantitative evaluation of the solubility is represented by the value of R a [(MPa) 1/2 ], which reflects the distance between the HSPs of both substances:
A smaller R a means a higher solubility of each substance because the interaction forces acting between the molecules are similar. Thus, substances with large R a values exhibit low solubility.
The HSP approach uses information from a database to calculate values by the group contribution method. However, metal compounds and fine particles cannot be used to determine HSP values easily [12] . Therefore, the Hansen Solubility Sphere method is used in this experiment [5, [12] [13] [14] .
Results of the affinity evaluations can be visualized by plotting the results of δ d , δ p and δ h measurements in a three-dimensional graph. When the solubility parameters of good and poor solvents for a desired substance are plotted in such a three-dimensional figure, data points for good solvents cluster in a particular region in the form of a sphere called the Hansen solubility sphere. In the solubility sphere, good solvents for a desired substance are plotted inside the sphere and poor solvents are plotted to outside of the sphere. The HSP components of the desired substance are defined by the center of the sphere [5, [12] [13] [14] . The radius of the sphere is called the interaction radius R 0 [(MPa) 1/2 ]. The Hansen solubility sphere model is based on the theory that dissolution is promoted when the difference in the solubility parameters is small. However, silica fine particles do not dissolve. Therefore, different affinity factors are required. In this study, we focused on wettability as a factor of affinity. If the affinity between solid and liquid is high, the solvent spreads out. On the contrary, it is an idea that if the affinity between solid and liquid is poor, it does not spread. In this study, silica was molded into a disc and the contact angles to various solvents were measured. From the measurement results, HSP of the silica particle surface was determined by the Hansen solubility sphere method.
It is reported that the δ d term of HSP has a relationship with the refractive index. Hansen expressed the relation between the dispersion power term of HSP and the refractive index as follows [12] .
Here,
] represents a dispersion force term, and n D [-] represents a refractive index. The coefficients in the formula are determined using 540 data points [12] .
Light scattering
The two main theories of light scattering by fine particles are Rayleigh scattering and Mie scattering [18] . The theoretical range that can be handled by the system is determined by the χ parameter in the following equation:
Here, χ represents the particle diameter parameter [-], r represents the particle diameter [m] , and λ represents the wavelength [m] of the incident light. When χ < 1, the scattering is considered to be Rayleigh scattering; when χ ≧ 1, it can be considered to be Mie scattering [19] . The particle size of the silica particles used in this study was 500 nm. The wavelength range of light studied was 350-700 nm in the visible region.
Therefore, the range of χ was 4.5 ≦ χ ≦ 9.0, which is in the theoretical range of Mie scattering.
Scattering efficiency
The scattering efficiency, which indicates how much incident light scatters in a composite material to which filler particles are added, is expressed by the following equation [20] :
Here, Q ext [-] is the scattering efficiency, ρ [-] is the phase difference of the light when passing through the particle diameter D p [m] from the center of the particle, and γ [ ] is the incident angle to the particle surface of the light. Also, ρ [-] is expressed as [19] .
Here, λ [m] is the wavelength of the incident light, n m [-] is the refractive index of the dispersion medium, and n p [-] is the refractive index of the particle. For a plastic film to be applied as a display body, the scattering efficiency Q ext [-] must be 0.05 or less. In the formula, the physical property values that can be changed in the material design are the particle diameter and refractive index, and it is conceivable that the dispersibility and refractive index difference between the filler particles and plastic film greatly affect the transparency of the system.
Experimental section
Experimental materials
A special-grade reagent manufactured by Wako Pure Chemical Industries, Ltd. was used as the organic solvent, and Hypressic N2N spherical silica particles (Ube-exsymo Ltd. Tokyo, Japan) were used as model particles. A list of solvents used in this study is shown in Table S1 . The primary particle diameter of the silica particles was 500 nm. In addition, in this study, the solvent set used for measuring the HSP and light transmittance differed. The solvent set used for the Hansen dissolving sphere method should be present in a wide area in Hansen's 3D graph. Experiments were conducted focusing on the value of δ d in the light transmittance measurement. Therefore, the solvent set used for determining the light transmittance was selected such that the value of δ d was widely dispersed in the range of 14.5-21.0 (MPa) 1/2 . A total of three polymers were used as solid-solid dispersion media. Two types of polymers with different styrene-methacrylic acid complex ratios and Silicone-methacrylic acid composite adhesive. Because CEMEDINE C is a solvent-based adhesive, it was necessary to remove the solvent. To obtain only the polymer part, the adhesive was placed on a Teflon sheet in air for 24 h to sufficiently remove the solvent, and the polymer part was used in the experiment. In this paper, the polymer part from which the solvent has been removed is called CEMEDINE C.
Method of measuring HSP value of particle surface
A 5.0 wt% polyvinyl alcohol (PVA) aqueous solution was added and mixed to achieve a ratio of 0.2 mL of PVA per gram of silica particles. The PVA aqueous solution played the role of a binder. The prepared particles were dried at 353 K for 24 h and then compression molded for 1 min at a pressure of 40 MPa using a single-shaft molding machine to form a disc. A representative example of the disk-shaped silica particles is shown in Figure 1 . The contact angle measurement was performed on 17 types of organic solvents using a contact angle measurement device (Kyowa Interface Science Co., Ltd. DMs-400, Tokyo Japan). The amount of solvent to be dropped was fixed at 4 μL. The contact angle 100 ms after dropping the droplet was measured three times using the same solvent, and the average value was adopted.
In order to obtain the HSP of the particle surface, the contact angle was measured using the target particle, not the glass slide. The amount of PVA added is negligible. Therefore, it is considered that the obtained HSP value can ignore the influence of PVA.
Method of measuring HSP value of polymers
20 mL of an organic solvent was added to 0.1 g of each polymer. Shaking and stirring were performed for 24 h in a thermostatic bath in which the water temperature was set to 25 C. After stirring, the solubility of the polymer was confirmed by visual evaluation. The HSP value was calculated by the Hansen solubility sphere method based on the result of the visual evaluation. The reason why for the difference in the number of solvents is that when determining the HSP value by the Hansen solubility sphere method it is necessary to have a sufficient dispersion on the 3D graph with poor solvents surrounding the sphere. The interaction radius of the spheres for each material and their position on the 3D graph are different, hence, we selected different solvents.
Polymer film forming method
Silica particles were added to 30 mL of tetrahydrofuran (THF) and sonicated for 10 min. Various polymers were dissolved in the dispersion medium. After polymer dissolution, sonication was performed for 10 min. The solution was poured into a cell in which a Teflon sheet and a glass slide were combined and heated on a hot plate for 2 h to remove THF. A schematic diagram of the preparation is presented in Figure S1 . In addition, the optimum conditions for the polymer addition amount, particle addition amount, and heating temperature at the time of film formation were examined. Two out of the three conditions of polymer addition amount, particle addition amount, and heating temperature were fixed, and the optimum condition of each condition was searched. The polymer concentration was examined under conditions of 5.0, 1.0 and 0.5 g for 30 ml of THF. The heating temperature was examined at 40, 50 and 60 C. The amount of added particles was examined under the conditions of 0.1, 0.01 and 0.001 g for 30 ml of THF. In each fixing condition, the polymer concentration was 5.0 g, the particle addition amount was 0.01 g, and the heating temperature was 60 C. The preparation conditions were varied for each polymer. A total of 21 types of films were prepared. Table S2 shows the conditions of the film created in this study.
If unevenness is present on the adjusted film surface, it may affect the transmission measurement result and led to error. To evaluate the degree of this "non-uniformity", the thickness at 10 points on the film was measured with a micrometer (Mitutoyo Corporation, M110, OM), and the average value and standard deviation were calculated. The range of the error in the measurement result resulting from the uneven thickness was confirmed.
Transmittance measurement
The particles were added to the organic solvent to achieve a concentration of 5.0 Â 10 À4 g/mL. The particles were dispersed in the solvent using ultrasonic dispersion for 5 min. The transmittance of light in various dispersion media was measured using a visible spectrophotometer (ASONE Co., ASUV-6300PC). The solvent was selected such to achieve a wide range of the δ d term of the HSP. In this study, wavelengths of 300-900 nm were measured. The light transmittance after particle addition was examined in the visible region of 350-700 nm. However, solvents with a specific peak at approximately 350 nm, such as N-methyl aniline, were examined excluding that part. In addition, to examine the relationship between the transmittance and particle size in the solvent, the particle size in the solvent was measured using a concentrated particle size analyzer (Otsuka Electronics Co., Ltd., FPAR-1000). The solvent used for the measurement was the same as that used for the light transmittance measurement. When the particle size was measured, each sample was subjected to ultrasonic treatment for 5 min to ensure that the particles were in a dispersed state. Measurement conditions such as the weight of particles added to the solvent are based on the author's previous paper [5] . The film with added particles was measured for scattering intensity and transmittance. A 9 Â 33 mm film was applied to the inside of the measurement surface of the visible light display cell, and the scattering intensity and transmittance were measured. The measurement was performed three times. The wavelength of the laser beam emitted by the zeta potential/particle size/molecular weight measuring device system was 660 nm. At the time of measurement of the transmittance of visible light, background correction was performed using a polymer film with no fine particles added.
Results and discussion
4.1. HSP measurements of silica particle surface and polymer Table 1 presents the measurements of the contact angle of each solvent to the disc-shaped particles as well as the HSP and surface tension of the solvent [21] . The contact angle was 26.0 in 1-propanol. In addition, the contact angle was the smallest in N-methyl formamide, which has a relatively high surface tension. These results indicate that the affinity between the solid surface and liquid and not the effect of the surface tension was an important factor, with a difference appearing in the contact angle. Thus, the contact angle measurement was effective for evaluation of the affinity. The Hansen solubility sphere created from the results in Table 2 is shown in Figure 2 . ]. Table 3 presents the evaluation results of the dissolution test for each polymer. In addition, the Hansen sphere and HSP values determined from the results in Table 3 are presented in Figure 3 and Table 4 . The smallest difference from the value of δ d of the silica particles was observed for CEMEDINE C. That is, when CEMEDINE C was selected as the dispersion medium, the light transmittance was expected to be the highest.
Polymer film preparation conditions
Representative examples of the visual evaluation of the polymer under each preparation condition are shown in Figure S2 . When the amount of polymer was changed, a sufficient thickness was obtained for polymer amounts of 1.0 and 5.0 g; however, a film was not formed when the polymer amount was 0.5 g. The uneven distribution of particles was confirmed to be the smallest at 5.0 g with a partial uneven distribution at 1.0 g. It is considered that the amount of model particles per polymer volume increases and dispersion failure or aggregation is likely to occur.
Further, the thickness unevenness was large at 1.0 g. The above results indicate that the use of 5.0 g of the polymer is preferable. When the addition amount of particles was changed, the uneven distribution of particles was small at 0.001 and 0.01 g. At 0.1 g, particle aggregates were observed to float on the film surface or particles were present in the film in the form of vortices. In addition, when the particle amount was 0.001 g, a significant amount of air bubbles were generated on the film. There were relatively few air bubbles when the amount of particles was large. This finding may result from the particles suppressing the formation of bubbles when the solvent is vaporized. Based on the above results, a particle amount of 0.01 g was selected.
When a drying temperature of 50 C was used, a film with very few air bubbles was prepared. Moreover, at 40 C, it was difficult to control the temperature of the hot plate, and a uniform film was not obtained. At 60 C, a large amount of bubbles were generated because of proximity to the boiling point of THF. From the above results, a drying temperature of 50 C was selected. The above results indicate that the polymer amount of 5.0 g, particle addition amount of 0.01 g, and drying temperature of 50 C were optimum. Therefore, a film in which 0.01 g of particles were added to 5.0 g of polymer was used in the following examination. Moreover, the weight of each film was measured after film formation, and it was confirmed that there was no weight change. Therefore, about Figure 2 . HSP 3D diagram of Silica particles with HSPs of organic solvents used in this work. Blue balls are "good" solvents, and red cubes are "poor" solvents. Table 2 . Solubility score of polymers in select organic solvents and HSPs of used organic solvents. (A score of 1 indicates a good solvent and a score of 0 indicates a poor solvent; -: not measured.) 99.8 wt% of the film is composed of polymer, and the remaining about 0.2 wt% is particles. The average thickness of the SA film sample was determined to be approximately 0.182 mm based on thickness measurements of each polymer film at 10 points under the set conditions. The S-B film sample was approximately 0.195mm thick. The CEMEDINE C film sample was approximately 0.183mm thick. Furthermore, a variation of approximately 8% in the thickness was confirmed. The standard deviation indicated that an error of up to approximately 10% may be present in the measurement results. 
Transmittance measurement result in solid-liquid system
As examples of the light transmittance measurements at each wavelength, the results for acetic acid, diethylene glycol monomethyl ether, dimethyl sulfoxide, and 1,1,2,2-tetrabromoethane are presented in Figure 4 . The degree of light transmission clearly differed depending on the solvent in which the particles were dispersed. In all the solvents measured, the light transmittance was low in the short-wavelength region. In contrast, the transmittance increased in the longwavelength region. Shorter light wavelengths corresponded to larger energy and larger incident angles; therefore, the light tended to be scattered. For long light wavelengths, the energy is small and light is not easily scattered. Therefore, the transmittance was considered to decrease with decreasing wavelength. The results of the particle diameter measurement in each solvent and the light transmittance at wavelengths of 400-700 nm are presented in Table 5 . The transmission for a light wavelength of 500 nm and HSP difference R a are plotted in Figure 5a . No correlation was observed transmittance and R a . Figure 5b presents a plot of the particle size and light transmittance in a solvent. No correlation was observed between the particle size and transmittance. Figure 6 presents a plot of the difference in of each solvent and particles and the light transmittance. The correlation coefficient between Δδ d and the light transmission was R ¼ 0.833. Similarly, the relationship between Δδ d and the light wavelength (400, 600, and 700 nm) is shown in Figure 6 . A strong correlation with a correlation coefficient R ¼ 0.8 or more was observed in all the systems. Figure 7 shows the dispersion state of each solvent after 5 min of ultrasonic treatment. The samples are arranged in order of decreasing value of δ d from the left to the right. Visual observation also reveals that δ d of the solvent became transparent in a certain area and became turbid when outside of certain area. From the above results, it is considered possible to predict and evaluate the light transmittance of the solvent using the difference in δ d of the HSP. HSP theory was originally used for examining the dispersibility of fine particles and evaluating the solubility of many substances. Therefore, it is considered that the transmittance can be predicted when the optimum dispersion medium for the particles is selected.
Transmittance measurement results for solid-solid systems
The visible light transmittance measurements for the prepared polymer film are presented in Table 5 and Figure 8 . A trend of CEMEDINE C > S-A > S-B was observed for the transmittance. Thus, the light transmittance tended to improve with decreasing difference between δ d of the particle and polymer, as predicted. The scattering intensity measurements for SA, SB, and CEMEDINE C are presented in Figure 8 . The scattering intensity cps is an index indicating the degree to which the light incident on the film is scattered. A lower scattering intensity indicates that more light is passed through the film without being scattered. A trend of CEMEDINE C < S-A < S-B was observed in the scattering intensity. The relationship between the mean value of the scattering intensity and ⊿δ d is shown in Figure 8 . A smaller ⊿δ d was observed to correspond to a smaller scattering intensity. To obtain sufficient transparency for the specifications required for the polymer film, the value of the refractive index must be controlled to the third decimal place. When considered in conjunction with Eq. (9), it is necessary to control ⊿δ d to be approximately 0.2 or less. The use of HSP theory has also been suggested to be useful in evaluating the dispersibility of fine particles [5, 13] . Therefore, it is considered that the transmittance can be predicted when the optimum dispersion medium for the particles is selected. The results of the current study indicate that the efficiency of both material design and material selection can be improved by using HSP as an index.
Conclusion
In this study, disc-shaped silica particles in various solvents were examined, and the HSP on the surface of the particles was determined from the contact angle. The transparency was examined using the obtained HSP on the surface of the silica particles. We focused on the value of the δ d term of that HSP, which has been reported be related to the refractive index. The light transmittance measurements confirmed that this property differed depending on the dispersion medium. A high correlation of R ¼ 0.8 or more between the light transmittance and difference between δ d of the particle and solvent was confirmed. In the solid-solid verification, the polymer film was prepared, and the transparency evaluation was performed from the two directions of visible light transmittance and scattering intensity measurements. A correlation between ⊿δ d and the transparency of the model particles and polymer was observed, similar to the results obtained for the solid-liquid system. Our findings demonstrate the possibility of evaluating both the transparency of materials and their dispersibility and compatibility using the same index by applying HSP theory.
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